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The Gram stain method was applied to the photometric characterization of aquatic bacterial populations
with a charge-coupled device camera and an image analyzer. Escherichia coli and Bacillus subtilis were used as
standards of typical gram-negative and gram-positive bacteria, respectively. A mounting agent to obtain clear
images of Gram-stained bacteria on Nuclepore membrane filters was developed. The bacterial stainability by
the Gram stain was indicated by the Gram stain index (GSI), which was applicable not only to the dichotomous
classification of bacteria but also to the characterization of cell wall structure. The GSI spectra of natural
bacterial populations in water with various levels of eutrophication showed a distinct profile, suggesting
possible staining specificity that indicates the presence of a particular bacterial population in the aquatic
environment.

Gram’s method is the most important and fundamental or-
thodox method for bacterial identification. It classifies bacteria
into two groups, gram-negative and gram-positive. The mech-
anism of Gram staining is based on the fundamental structural
and chemical attributes of bacterial cell walls. The cell walls of
gram-positive bacteria have a high percentage of peptidogly-
can, while those of gram-negative bacteria have only a thin
peptidoglycan layer (1–3, 6). In Gram’s method, an insoluble
dye-iodine complex is formed inside bacterial cells and is ex-
tracted by alcohol from gram-negative but not gram-positive
bacteria (6, 12, 16). There are taxonomically gram-variable
species, but some cells of gram-negative or gram-positive spe-
cies may show gram-variable characteristics due to environ-
mental stress, such as unsuitable nutrients, temperature, pH,
or electrolytes (3).

Functional differences between gram-positive and gram-neg-
ative cell walls have been studied with special emphasis on
nutrient uptake from the ambient environment. Gram-nega-
tive bacteria have a periplasmic space between the lipopoly-
saccharide layer and the plasma membrane. In this space,
binding proteins initially attach to nutrients and take them to
a membrane carrier. Gram-positive bacteria lack the periplas-
mic space and are believed to have no binding proteins (9).
Therefore, nutrient uptake from the environment is easier for
gram-negative bacteria than for gram-positive bacteria. Be-
cause of this difference, the population density of gram-nega-
tive bacteria in more oligotrophic environments could be
higher than that of gram-positive bacteria (20).

Gram staining is commonly used only to reflect cell wall
structure. If Gram staining characterizes not only simple tax-
onomical dichotomy but also multiple biological functions, it
may also be used to correlate bacterial cell wall structure with
related physiological responses to the environment. In partic-
ular, Gram staining could supply ecological information on

natural bacterial populations that are difficult to culture by the
present technology.

Membrane filter methods are widely used for microscopy in
aquatic microbiology because of the low population densities
of bacteria in many aquatic environments (4, 11, 16). However,
these methods sometimes have problems associated with mi-
croscopic observations, causing unclear images of bacterial
cells on Nuclepore filters when used with the conventional
mounting medium (immersion oil; refractive index [nd] 5
1.514). Hence, a suitable mounting agent must be applied to
obtain precise image analyses of Gram-stained bacteria on
Nuclepore filters.

In this study, we have established a distinct method to char-
acterize photometric Gram stain images; it involves the Gram
stain index (GSI) for specifying natural bacterial populations
in various aquatic environments. For this purpose, we have
standardized the GSI of typical gram-negative and gram-pos-
itive bacteria by using Escherichia coli and Bacillus subtilis,
respectively, and compared these GSI values to those of nat-
ural bacterial populations of several freshwater environments.
The natural waters we investigated were Hyoutaro-ike pond,
Matsumi-ike bog, and Lake Kasumigaura, which are oligotro-
phic, mesotrophic, and eutrophic water bodies, respectively, as
previously determined (8, 10, 13, 18, 22, 23).

MATERIALS AND METHODS

Samples. As standards for gram-negative and gram-positive bacteria, E. coli
JCM 1649 and B. subtilis JCM 1465 (14) were used, respectively. The standard
strains were supplied by the Japan Collection of Microorganisms, Institute of
Physical and Chemical Research (RIKEN, Saitama, Japan). Both strains were
cultured for 20 h at 37°C in nutrient broth with 0.5% NaCl (5.0 g of peptone, 3.0 g
of meat extract, 5.0 g of NaCl, 1 liter of distilled water) with the pH adjusted
to 7.0 and used at the exponential growth phase to evaluate Gram stainability.

A predominant strain of the bacterial population in a strongly acidic hot spring
was used as a representative of the most difficult Gram-staining cases. This
sample was grown at 60°C in TB medium, consisting of (per liter of tap water)
10 g of Na2S2O3 z 5H2O, 0.25 g of K2HPO4, 0.5 g of NH4Cl, and 0.25 g of
MgSO4 z 7H2O, adjusted to pH 5.0 (21).

We selected natural bacterial populations from an oligotrophic pond, Hyo-
utaro-ike, a mesotrophic bog, Matsumi-ike, and a eutrophic lake, Kasumigaura,
and adjacent water bodies of the lake as representative of various trophic states
for analytical case studies for this investigation. The bacterial cells in the water
samples were fixed by adding 37% buffered formalin (sample/formalin ratio 5
10:1) to the water samples immediately after collection.

* Corresponding author. Mailing address: Institute of Biological Sci-
ences, University of Tsukuba, Tennou-dai 1-1-1, Tsukuba, Ibaraki 305,
Japan. Phone: 81 0298 53 4663. Fax: 81 0298 53 6614. E-mail: seki
@biol.tsukuba.ac.jp.

742



Gram staining. Bacterial cells on polycarbonate Nuclepore filters (no. 110606;
pore size, 0.2 mm; diameter, 25 mm) were stained by the basic Gram method
(contemporary modification) (16). The bacterial cells, which were vacuumed on
the filters by a filtration apparatus (Millipore Co.), were stained for 1 min with
a few drops of carbolic gentian violet (Wako solution A; Wako Pure Chemical
Industries Ltd., Osaka, Japan) and then rinsed with prefiltered (Nuclepore filter;
pore size, 0.2 mm) distilled water for 30 s under vacuum. The filters were then
immersed for 1 min in several drops of Lugol solution (Wako solution B) and
again rinsed with distilled water under vacuum. After removal of all the liquid,
95% ethanol was poured on the cells for 30 s to decolorize them. The bacteria
were then counterstained for 1 min with Ziehl-diluted fuchsin (Wako solution C)
and rinsed with distilled water. After being dried under vacuum, the filters were
removed from the filtration apparatus. The bacteria on the filters were mounted
on a glass slide with immersion oil, covered with a glass coverslip (thickness, ca.
0.15 mm), and sealed with nail enamel to avoid drying.

Evaluation of Gram staining. The mounted specimens were observed micro-
scopically and analyzed photometrically under an optical microscope with a
Fluor 100/1.30 oil Ph4DL 160/0.17 objective lens (Optiphot-2; Nikon, Tokyo,
Japan), and the images were recorded (total magnification, 32,500) with a
3-CCD charge-coupled device video camera (Sony, Tokyo, Japan). Each output
from the video camera, red, green, and blue, was separately transferred to an
image analyzer (Luzex III U; Nireco Co. Ltd., Tokyo, Japan) to digitize the
intensity of each of the three primary colors on each pixel at 8-bit resolution (256
levels). Although every color of each bacterial cell can be described by digitized
intensities of red, green, and blue the colors of Gram-stained cells distributed in
the spectrum area of only red and blue (Fig. 1). Hence, the intensities of only red
and blue were used to determine the characteristics of bacterial Gram staining

(GSI) by the following equation: GSI 5 [(B 2 R)/(B 1 R)], where R and B are
the intensities of red and blue, respectively. The GSI is zero when the intensities
of red and blue are equal and positive if the blue intensity is higher than the red
intensity. Theoretically, GSI values should range from 21 without blue light to
11 without red light. By dividing the difference of light intensities by the sum of
light intensities, the fluctuations in the light source at each observation are
canceled.

Preparation of an original mounting medium. The bacterial cells from a hot
spring in the Tateyama Jigokudani Valley (17) were hardly visible when Gram
stained on a Nuclepore filter and embedded in a standard immersion oil (nd 5
1.514; Olympus, Tokyo, Japan), although they could be seen clearly when stained
on a glass slide directly by the traditional method.

To solve this problem, improvements to the mounting agent were studied. We
mixed the immersion oil and 1-bromonaphthalene (nd 5 1.657; Wako Pure
Chemical Industries Ltd.) in various ratios to achieve various refractive indices to
try to minimize the light scattering by membrane filters in the mounting agent.
To determine these ratios within the possible range for actual applications, the
refractive indices of the mixtures were determined with a refractive index meter
(1-T; Atago, Tokyo, Japan) and membrane transmittances were determined with
a spectrophotometer (UV-550; Jasco, Tokyo, Japan). The effects of these mount-
ing agents in actual microscopic observations were determined with double-
stained standard bacterial samples (see below).

Double staining with the Gram stain and acridine orange. Cultured bacterial
cells (E. coli, B. subtilis, and a bacterial strain isolated from the Tateyama
Jigokudani hot spring) at the exponential growth phase in liquid media (nutrient
broth for E. coli and B. subtilis and TB medium for the Jigokudani strain) were
fixed by adding 37% buffered formalin (sample/formalin ratio 5 10:1). These
were stained on the Nuclepore filters with both the Gram-staining reagents and

FIG. 1. Schematic diagram of the equipment used for GSI determination.

FIG. 2. GSI of bacterial strains and populations. (a and b) GSI standards of
the gram-negative bacterial strains (a) and the gram-positive bacterial strains (b).
(c through e) Typical GSI standards of the natural bacterial populations from the
oligotrophic water (c), mesotrophic water (d), and eutrophic water (e).
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an acridine orange solution (acridine orange at 1:10,000 in 6.6 mM phosphate
buffer [pH 6.6]). The Gram stain was made by the basic Gram method of staining
(contemporary modification) (16). After regular Gram staining with carbolic
gentian violet and Lugol solution and decolorization, acridine orange solution

was used for the epifluorescence microscopy (20) to ensure that all bacterial cells
present were made visible by the Gram stain. Then, the bacterial sample on the
filter was counterstained with Ziehl-diluted fuchsin to complete the Gram stain-
ing. After staining, each filter was cut into eight pieces. Each piece was mounted
with a different mounting agent, which had various refractive indices. The num-
ber of bacterial cells in each field was counted under an epifluorescence micro-
scope (EFD2; Nikon) with a B-2A filter and Hg 100-W bulb, using fluorescence
for the acridine orange and transmitted light for the Gram stain. The fraction of
bacterial cells observable by the Gram staining compared to that observable by
fluorescence staining was determined.

Confirmation of water sample type. We performed chemical analysis to char-
acterize the extent of eutrophication of the various water bodies sampled. Water
samples were filtered, immediately upon collection, through precombusted
(450°C for more than 2 h) Whatman GF/C fiberglass filters (15) and stored at
220°C until used for analysis. The filtrates of these water samples were analyzed
for inorganic nutrients (ammonium, nitrite, nitrate, and phosphate) with an
autoanalyzer (TARAKO, 8000; Technico, Tokyo, Japan) that operates based on
the standard method (7) and for dissolved organic carbon with a total organic
carbon (TOC) analyzer (TOC-5000; Shimadzu, Kyoto, Japan).

RESULTS AND DISCUSSION

The GSI spectra of E. coli and B. subtilis were distinctly
different (Fig. 2a and b). The GSI of E. coli cells, a typical
gram-negative bacterium, ranged from 20.095 to 0 (average
and 95% confidence limit, 20.047 6 0.017 for 300 bacterial
cells) with a sharp maximal peak at 20.06 and a broad shoul-
der at higher GSI values. On the other hand, the GSI of B.
subtilis cells, a typical gram-positive bacterium, was in the
broader range of 20.070 to 0.175 (average and 95% confidence
limit, 0.082 6 0.043 for 300 bacterial cells) with a low maximal
peak at 0.070. Clearly, gram-negative and gram-positive bac-
teria showed distinctly different GSI profiles. Hence, the GSI
of these two typical bacteria can be used as the standards for

FIG. 3. (a) Optical transmittance of Nuclepore filters (pore size, 0.2 mm)
mounted in immersion media with different refractive indices. (b) Detectability
of bacterial cells from the Tateyama Jigokudani hot spring with mounting agents
with different refractive indices (b).

FIG. 4. Gram-stained images of E. coli (lower panels) and B. subtilis (upper panels) with mounting agents with refractive indices of 1.514, 1.550, and 1.600.
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typical gram-negative and gram-positive bacteria for compari-
son with those of other bacteria, as indicated by the average
and range of the GSI peaks.

To obtain reasonably clear images of Gram-stained bacteria
on Nuclepore filters, the appropriate mounting medium was
selected. The optical transmittance of Nuclepore filters at a
wavelength of 600 nm depended on the refractive index of the
immersion medium. The highest transmittance (96%) was ob-
tained at a refractive index of 1.600 by mixing the immersion
oil (nd 5 1.514) and 1-bromonaphthalene in a ratio of 1:3.6. By
contrast, the transmittance of Nuclepore filters mounted in the
commercial immersion oil (nd 5 1.514) was 56% (Fig. 3a). In
the medium with a refractive index of 1.600, the Gram-stained
bacteria were clearly observed on the Nuclepore filter. We
mounted E. coli and B. subtilis on Nuclepore filters embedded
in mounting agents having different refractive indices (1.500,
1.514, and 1.600) (Fig. 4). The background of the bacteria
embedded in the mounting agent with a refractive index of

1.600 was flat, and the brightness was uniform, so that the
bacterial cells could be clearly seen. In contrast, when we used
a mounting agent with a refractive index of 1.514, the filter
pores were observed and the brightness was not uniform; the
image appeared as if the whole membrane undulated, making
the bacterial cells extremely difficult to observe. Observation of
gram-negative cells was more difficult. The number of bacterial
cells observable in the field when the filter was mounted with
the agent with an nd of 1.514 was only about half that when
mounted with the agent with an nd of 1.600.

Comparison of bacterial number in the same microscopic
field under epifluorescence and light microscopy, even using a
bacterial strain isolated from the Tateyama Jigokudani hot
spring, showed a much clearer image with the mounting agent
whose nd is 1.600. In samples embedded in the mounting agent
with an nd of 1.600, all the bacterial cells counted under the
epifluorescence microscope were recognized under the light
microscope. In contrast, only one-third of the bacterial cells
counted with the mounting agent with an nd of 1.514 under
epifluorescence were observable under the light microscope
(Fig. 3b). Thus, observation of Gram-stained bacteria with an
appropriate mounting agent is very important for the differen-
tiation of gram-negative from gram-positive cells by the GSI
method.

The presence of organic solvents in the mounting agent can
affect the Gram-stain spectra. 1-Bromonaphthalene was used
to adjust the commercial immersion oil to the most appropri-
ate refractive index. The GSI values of E. coli and B. subtilis
cells mounted in the best medium (nd 5 1.600) and stored at
room temperature were examined every 10 days for 1 month.
No decolorization of E. coli was observed during this observa-
tion period. Although there was no significant change in the
GSI profile of B. subtilis until day 20 after mounting, a small
peak at 0.080 had decreased on day 30 to the same height as
that of gram-negative cells. Therefore, we recommend that
bacterial specimens be examined by microscopy within 3 weeks
of fixation.

FIG. 5. GSI spectra at different growth phases of E. coli (a) and B. subtilis
(b).

FIG. 6. Gram-stained images of a natural bacterial population from Lake Kasumigaura with mounting agents with refractive indices of 1.514 and 1.600.
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The GSI spectra of natural bacterial populations in Hyo-
utaro-ike pond, Matsumi-ike bog, and Lake Kasumigaura
showed different profiles over the ranges of 20.095 to 20.025,
20.080 to 0.000, and 20.090 to 0.025, respectively. However,
the highest peak in each of these profiles appeared at the same
GSI value of 20.055, (Fig. 2c to e). The averages and 95%
confidence limits of GSI in those populations were 20.056 6
0.011 at Hyoutaro-ike pond, 20.054 6 0.009 at Matsumi-ike
bog, and 20.051 6 0.021 at Lake Kasumigaura. Therefore, by
comparing these GSI spectra with those of E. coli and B.
subtilis, it was clear that all these freshwater environments were
similar in having almost exclusively gram-negative bacterial
species. The fraction of bacterial cells having more gram-pos-
itive GSI characteristics tended to increase in the more eutro-
phic waters. Statistical differences of the frequency distribution
of GSI values in differently eutrophicated waters were signifi-
cant based on the F test: F 5 1.48 (F0.01[302,315] 5 1.34) be-
tween Hyoutaro-ike pond (oligotrophic) and Matsumi-ike bog
(mesotrophic), F 5 3.51 (F0.01[297,302] 5 1.35) between Hyo-
utaro-ike pond and Lake Kasumigaura (eutrophic), and F 5
5.17 (F0.01[297,315] 5 1.35) between Matsumi-ike bog and Lake
Kasumigaura, respectively.

Laboratory experiments with E. coli and B. subtilis in their
different growth phases show slightly variable GSI profiles; i.e.,
the GSI spectrum of each species shifts to more negative sides

(0.14 and 0.11 in average in E. coli and B. subtilis, respectively)
when the growth phase advances from the exponential phase to
the stationary phase (Fig. 5). They could be good examples for
application to the natural bacterial community, as follows.

Figure 6 shows an analytical example of a GSI spectrum of
the natural bacterial community from Lake Kasumigaura. The
water in the lake is influenced greatly by waters from a lotus
field and an irrigation creek. Three GSI spectra of the bacterial
populations, from the water and the mud of the lotus field and
from the water of the creek that connects the lotus field and
Lake Kasumigaura, were weighted with factors of 0.20, 0.45,
and 0.30, respectively. In this case, the GSI spectrum of the
bacterial populations from the lotus field water and the creek
were shifted 20.01 in GSI (to negative) and 10.01 in GSI (to
positive) to improve the reproduction of three peaks of the
GSI spectrum observed at the different physiological condi-
tions of E. coli. The difference between the actual GSI spec-
trum of the lake community and the synthesized spectrum of
three bacterial populations from inflowing waters to the lake is
shown in Fig. 7. The peaks of the residue GSI spectrum re-
semble those of B. subtilis, which is a dominant bacterial pop-
ulation in the sediment of Lake Kasumigaura.

From these case studies of representative freshwater envi-
ronments, we conclude that GSI histograms and their analysis
of bacterial cells in natural populations may indicate the pos-
sible correlation between bacterial populations and their living
milieu.
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